High-precision 40 Ar/ 39 Ar geochronology of selected lavas from Westdahl Volcano places time constraints on several key prehistoric eruptive phases of this large active volcano. A dike cutting old pyroclastic-flow and associated lahar deposits from a precursor volcano yields an age of 1,654±11 k.y., dating this precursor volcano as older than early Pleistocene. A total of 11 geographically distributed lavas with ages ranging from 47±14 to 127±2 k.y. date construction of the Westdahl volcanic center. Lava flows cut by an apparent caldera-rim structure yielded ages of 81±5 and 121±8 k.y., placing a maximum date of 81 ka on caldera formation. Late Pleistocene and Holocene lavas fill the caldera, but most of them are obscured by the large summit icecap.
Introduction
Westdahl Volcano is a large, ice-clad shield volcano on the southwest end of Unimak Island ( fig. 1 ), the easternmost large island of the Aleutian chain in Alaska. Historical eruptions of Westdahl Volcano have been recorded (Coats, 1950; McGimsey, 1995) , and inflation has been detected by satellite radar interferometry (Dean and others, 2002; Lu and others, 2003) . Our geologic mapping of the edifice in 1998-2000 established a relative chronology of the volcanic deposits. Abundant Holocene lavas drape late Pleistocene and older volcanic deposits. Here, we report on the 40 Ar/
39
Ar geochronology of 12 Pleistocene samples that date construction of the main edifice and provide clues to the volcano's eruptive history.
Geologic Context
Unimak Island ( fig. 1 ) contains several of the most active Aleutian volcanoes, including Shishaldin Volcano, Fisher Caldera, and Westdahl Volcano, each with substantial Holocene deposits and protracted eruptive histories (Wood and Kienle, 1990) . Westdahl Volcano, which covers the southwest end of the island, is here defined to include the many flank vents outside the summit area, chiefly on the northwest, northeast, and southeast flanks ( fig. 1) . Three large peripheral vents aligned along a northwest-southeastward trend are included:
(1) Pogromni Volcano (elev 1,991 m), adjacent Pogromni's Sister (elev 1,219 m), and large glaciated flank vents 6 to 9 km north-northwest of Westdahl Peak; (2) an unnamed dacite dome (elev 401 m) 5 km northwest of Pogromni Volcano; and (3) Promontory Hill (elev 335 m), an eroded tuff cone 12 km southeast of Westdahl Peak.
Westdahl Volcano consists of a broad, somewhat-flattened shield built on an eroded precursor volcano. Including the peripheral vents, Westdahl deposits cover an oval ~38 km northwest-southeast by 25 km northeast-southwest ( fig. 1) . During geologic mapping, we identified inward-facing scarps on the west and east sides of the summit area, suggesting that an ~9-km-diameter, nearly circular collapse caldera may have formed after the shield was built and that the caldera has subsequently been filled by numerous late Pleistocene to Holocene lavas. Two mapped lavas appear to project significantly above the present summit, suggesting that the volcano was steeper and considerably taller when they were emplaced. These lavas appear to have been truncated by a caldera-rim structure, and the ages described below should provide a maximum date for caldera collapse. Two Holocene cones, Westdahl Peak (elev 1,560 m) and Faris Peak (elev 1,660 m), rise above the summit ice, but no pre-Holocene, postcaldera lavas have been identified. Basaltic andesite and andesite pyroclasticflow deposits that overlie Scotch Cap lavas on the southwest Pacific coast were leading candidates for a caldera-forming eruption, but their limited exposure makes this relation difficult to prove.
Westdahl lavas are composed primarily of basalt and basaltic andesite, with lesser andesite and minor dacite. Limited geochemistry (Neal and Swanson, 1983; Myers, 1994; Miller and others, 1998) suggests that the Westdahl lavas are richer in alkalis than many other Aleutian arc rocks, ranging from 46 to 62 weight percent in SiO 2 content and plotting within the tholeiitic field of Miyashiro (1974) . One K-Ar age of 180 k.y. cited by Wood and Kienle (1990) was not reported by Neal and Swanson (1983) .
Analytical Techniques
Samples for geochronology were selected to provide geographic coverage around the volcano and age constraints on Pleistocene volcano growth or collapse and on the older deposits upon which Westdahl Volcano was built. Candidate samples were scrutinized petrographically, and samples were chosen by using three basic criteria: (1) freshness, to minimize contaminant argon; (2) crystallinity, to ensure that samples retained radiogenic argon since formation; and (3) coarse groundmass textures, to minimize complications during irradiation. All analyzed samples contained no visible alteration minerals and <3 volume percent glass and had coarse groundmass textures (groundmass feldspar grain size, >10 µm diameter). Rocks were crushed in a roller mill, ultrasonicated in deionized water, sized appropriately (425-500 µm diameter for most samples, 250-350 µm diameter for crystal-rich lavas), stripped of phenocrysts magnetically, and handpicked for purity. Sample mass ranged from 130 to 150 mg. Separates were wrapped in pure copper foil, encapsulated in quartz tubing along with Taylor Creek sanidine monitor minerals, shielded with a single wrap of 0.58-mm-thick cadmium foil, loaded into an aluminum irradiation tube, and irra-diated for 2 hours in the central thimble of the TRIGA reactor at the U.S. Geological Survey (USGS) laboratory in Denver, Colo. The base of the irradiation tube was positioned 2 cm above the reactor centerline, and the tube was rotated continuously during irradiation. Taylor Creek sanidine (TCR-2, 27.87 m.y.) is a Menlo Park, Calif., internal standard calibrated to SB-3 biotite (Lanphere and Dalrymple, 2000) .
The USGS Menlo Park, Calif., 40 Ar/
39
Ar facility is equipped with both an argon ion laser and a Staudacher-type resistance furnace attached to an all-metal extraction line. An early version of the extraction line and spectrometer was described by Dalrymple (1989) , and pertinent modifications are outlined below. Six sanidine fractions from each of four monitor packets were fused with the laser, extracted gas was cleaned with two SAES AP-10 getters, and remaining noble gases were analyzed on a MAP 216 mass spectrometer fitted with a Baur-Signer source and a Johnston MM1 multiplier run at ~2 kV. The neutron-flux parameter J for each sample packet was calculated from a quadratic fit to monitor data from four points along the irradiation tube.
Sample packets were heated stepwise in the resistance furnace for 8 minutes at each temperature listed in figure 2; temperatures were controlled to within ±1°C with an optical infrared sensor. Extracted gas was cleaned for 12 minutes with the two SAES AP-10 getters, and the resulting gas was analyzed on the MAP 216 mass spectrometer. Isotopic intensities were regressed back to inlet time. Each mass intensity was corrected for mass-spectrometer baseline, and extraction-line backgrounds were run every three to five heating steps. Hot blanks were run but not corrected from these samples because the blank was small and atmospheric in composition. Mass discrimination was measured by using atmospheric argon and was equivalent to 40 Ar/ 36 Ar=291.61 for these samples. Correction factors for argon isotopes produced from K and Ca during irradiation were determined by using coirradiated synthetic K glass and CaF 2 .
Sample ratios and ages were calculated by using inhouse software. Although we strove to choose perfect samples, nearly all the results reported on here are slightly complex. To illustrate our results, we show two types of graphs ( fig. 2): (1) age-spectrum diagrams with stacked K/Ca ratio and radiogenic-yield plots, and (2) isotope-correlation (isochron) diagrams. The age-spectrum diagrams plot the apparent age and ±1σ error of each gas fraction versus the cumulative percent of 39 Ar released. Apparent ages were calculated by assuming that the nonradiogenic argon released at each heating step has the modern-day atmospheric ratio, presently defined as 40 Ar/ 36 Ar=295.5, but normalized to atmosphere by the mass-discrimination measurement described above. Most results yielded plateau ages, here defined as at least 50 percent of 39 Ar released within ±2σ error on contiguous heating steps; these results generally have correspondingly good isochron fits. 
Interpretative Techniques
Theoretically, a pristine sample should yield identical ages throughout the stepwise-heating experiment, and a weighted mean of those ages represents the crystallization age of the lava flow. This behavior commonly holds true for potassic phases in rocks but less commonly for argon experiments on volcanic rocks (for example, Singer and Pringle, 1996 Ar atom to recoil ~0.1 µm (Turner and Cadogan, 1974; Huneke and Smith, 1976; Foland and others, 1992 K were, and so the resulting isotopic ratios may not be correlated. Typical argon-release patterns from rocks plagued with recoil problems include old apparent ages early (10-30 percent of 39 Ar released) in the experiment, stepping down to a flat portion (20-80 percent of 39 Ar released), followed by young apparent ages later (70-100 percent of 39 Ar released). These flat portions, which are interpreted as crystallization ages, generally match conventional K-Ar ages. A few samples yield no flat segment, and so age interpretation is impossible. Total-gas ages, based on the sum of all gas fractions released, are analogous to a conventional K-Ar age, although they also reflect recoil issues. (3) In most samples, the final 10-20 percent of 39 Ar released yields old apparent ages; these steps have low K/Ca ratios and are believed to reflect excess (magmatic?) argon from nonpotassic phases, such as pyroxene and olivine. This excess argon can be either restricted to high-temperature steps or released throughout a stepwise-heating experiment. Excess argon is most easily recognized as high 40 Ar/
36
Ar ratios on an isochron plot. Isochron diagrams plot the measured isotopic ratios without the atmospheric-argon correction. Plots of undisturbed samples should yield linear arrays with slopes proportional to age and Ar age spectra, K/Ca ratios, radiogenic yields, and isochron plots for Westdahl volcanic rocks. Apparent ages, isotopicratio boxes, interpreted ages, and 40 Ar/
Ar ratios are all ±1σ. Brackets on age spectra show heating steps used to calculate weightedmean plateau age (WMPA). Temperature labels in degrees Celsius. Interpreted ages in bold. Deviations from linear arrays can represent multiple trapped components, alteration of components, or irradiation effects. Common complexities in volcanic rocks include (1) high 40 Ar/ 36 Ar ratios at high temperatures, inferred to be excess argon from low-K phases; and (2) 39 Ar-recoil problems, resulting in decreased 39 Ar/ 36 Ar ratios at low temperatures and increased 39 Ar/ 36 Ar ratios at high temperatures. Isochron ages are favored when the y-axis intercept differs statistically from atmosphere and the MSWD is within the critical range defined by Mahon (1996) . Analytical uncertainties for isochron results outside the critical range are multiplied by the square root of the resulting MSWD (for example, Ludwig, 1999) to incorporate a measure of the increased scatter.
40
Ar/
Ar Geochronology of Westdahl Volcano
Sample results are presented from oldest to youngest, in the order discussed subsequently. Age-spectrum diagrams, stacked K/Ca ratios and radiogenic yields, and isochron results are illustrated in figure 2 and listed in tables 1 and 2.
Sample MW-00-65: Basaltic andesite dike (52.9 weight percent SiO 2 ) cutting old pyroclastic deposits, northwest sector.-Apparent ages for sample MW-00-65 range from 1,630 to 1,830 k.y. and display typical 39 Ar-recoil patterns, with old apparent ages stepping downward throughout the experiment. Using the 775-1,250°C heating steps yields a plateau age of 1,654±11 k.y. and an isochron age of 1,655±19 k.y. An old totalgas age is interpreted as net loss of 39 Ar by recoil early in the experiment. Our preferred age is the 1,654±11-k.y. plateau age.
Sample MW-99-11: Andesite flow (58.8 weight percent SiO 2 ), southeast sector.-Sample MW-99-11, from a stratigraphically deep andesite flow, yielded a plateau age of 127±2 k.y. All but the last two heating steps yielded apparent ages within error, and most heating steps had relatively high radiogenic yields (10-20 percent of 39 Ar released). The isochron age for these heating steps is identical, with a slightly elevated MSWD value of 2.4. The total-gas age of 134±29 k.y. reflects modest excess argon in the final two heating steps. Our preferred age is the 127±2-k.y. plateau age.
Sample MW-00-4: Basaltic andesite flow (53.1 weight percent SiO 2 ), west caldera rim.-Sample MW-00-4 is from one of two flows that appear to be truncated by a caldera rim, providing an upper bound on the inferred date of caldera formation. Argon systematics are somewhat disturbed, but a plateau age of 121±8 k.y. is defined. The 925°C heating step yielded an apparent age near 0 k.y., possibly owing to degassing of a fluid inclusion or another nonradiogenic reservoir. Disregarding that step, release of all gas within ±2σ error would yield a plateau age of 116±8 k.y. Isochron ages, which range from 117±31 k.y. (all heating steps) to 134±29 k.y. (700-850°C heating steps), support the plateau age. The total-gas age of 100±9 k.y. is probably too young, owing to the discordant 925°C heating step. Our preferred age is the 121±8-k.y. plateau age.
Sample MW-98-6: Lowest exposed basalt flow (51.1 weight percent SiO 2 ), Cape Sarichef, northwest sector.-Sample MW-98-6 yielded a flat plateau-age spectrum comprising 88 percent of 39 Ar released, with a plateau age of 117±4 k.y. Low-and high-temperature heating steps are slightly discordant. The isochron suggests a slightly high y-axis intercept, but the 109±12-k.y. age is within error of the plateau age. Our preferred age is the 117±4-k.y. plateau age.
Sample MW-98-20: Lowest exposed basaltic andesite flow (53.0 weight percent SiO 2 ), Seal Cape, southeast sector.-Sample MW-98-20 yielded a plateau age of 106±6 k.y. and supporting isochron age of 99±27 k.y. The slightly younger total-gas age reflects low apparent ages at high temperature, probably owing to modest 39 Ar recoil. Our preferred age is the 106±6-k.y. plateau age.
Samples : Basaltic andesites (52.3 weight percent SiO 2 ), northeast sector.-Samples MW-00-77 and MW-99-22 behaved similarly, have similar chemistry and rock textures, and are likely from the same package of flows. Sample MW-00-77 yielded a perfect plateau age of 99±5 k.y., with a concordant isochron. Sample MW-99-22 yielded a hump-shaped age spectrum, with a 97±6-k.y. plateau age and an isochron of 103±7 k.y.; the isochron age is preferred because its y-axis intercept differs from the atmospheric 40 Ar/ 36 Ar ratio outside analytical error. Our preferred age for sample MW-00-77 is the 99±5-k.y. plateau age, and for sample MW-99-22 the 103±7-k.y. isochron age.
Sample MW-98-13: Basalt (50.4 weight percent SiO 2 ), east caldera rim.-Sample MW-98-13, from a basalt flow that also appears to be truncated by the caldera rim, provides an upper bound on the date of caldera formation on the east flank of Westdahl Volcano. The sample yielded a plateau age of 81±5 k.y. Early and late heating steps had younger ages and poor radiogenic yields. The isochron age of 55±33 k.y. appears to be younger but has large errors due to scatter and the limited range in 39 Ar/ 36 Ar ratio for plateau (700-850°C) heating steps. An isochron array including all heating steps yielded an age of 82±6 k.y. with a high MSWD of 3.59. Our preferred age is the 81±5-k.y. plateau age.
Sample 39 Ar recoil. The plateau is short, with only 43 percent of 39 Ar released (outside our defined threshold of >50 percent 39 Ar released), and the isochron age of 79±21 k.y. for those heating steps is concordant but has a large uncertainty. Our preferred age is the 62±9-k.y. plateau age.
Sample weight percent SiO 2 ) from Pogromni Volcano.-Sample MW-99-11 is a relatively old lava from deep within Pogromni Volcano ( fig. 1) . The plateau-age spectrum shows decreasing ages but within error at 48±9 k.y. A good isochron fit yielded an older age of 76±25 k.y. with a lower-than-atmospheric y-axis intercept. Because the y-axis intercept is not within error of atmosphere, our preferred age is the 76±25-k.y. isochron age.
Sample MW-00-28: Basaltic andesite (53.1 weight percent SiO 2 ), young flow in thick shield-building sequence, southeast sector.-Sample MW-00-28 yielded a broadly hump shaped age spectrum, with most heating steps yielding <50-k.y. ages and an overall plateau age of 32±5 k.y. The isochron age including 91 percent of 39 Ar released yielded an age of 47±14 k.y. with a lower-than-atmospheric y-axis intercept. No vent is exposed for this lava, and so it is difficult to know to which phase of development it belongs. Our preferred age is the 47±14-k.y. isochron age.
Construction of the Westdahl Volcanic Center
Geologic mapping of the Westdahl volcanic center ( fig.  1 ) identified four phases in its construction that we can now assign to specific times or intervals: (1) Pliocene through early Pleistocene pre-Westdahl volcanism, (2) late Pleistocene shield or stratovolcano growth, (3) caldera collapse, and (4) later infilling of the caldera.
Pliocene Through Early Pleistocene PreWestdahl Volcanism
Pyroclastic-flow and associated lahar deposits exposed in the walls of Beartrack Valley northwest of Westdahl Volcano ( fig. 1 ) are cut by a 1,654±11-k.y. dike (sample MW-00-65). Other possibly related deposits that are undated include a steeply dipping, eroded vent complex at Scotch Cap (southwest of Westdahl Volcano) and tuff, spatter deposits, lava flows, and dikes of Promontory Hill (southeast of Westdahl Volcano). These deposits lie along the same northwest-southeastward trend as Pogromni Volcano and a dacite dome northwest of Pogromni Volcano, and so they may be associated with the modern volcanic system.
Late Pleistocene Shield or Stratovolcano Growth
The present mesalike topographic profile of Westdahl Volcano ( fig. 1) suggests that it was a large shield or stratovolcano early in its history but later lost its summit. The older edifice is built of lavas and pyroclastic rocks. Samples of basalt and andesite flows collected from the deepest accessible parts of the volcano, exposed in canyons on its flanks, are as much as 127 k.y. old; samples at higher stratigraphic levels across the map area range in age from 47±14 to 117±4 k.y. Two units cut by the inward-facing structure interpreted to be a caldera rim yielded ages of 81±5 and 121±8 k.y.
Late Pleistocene Caldera Collapse
Our geologic mapping suggests that a 9-km-diameter caldera occupies the broad summit area of Westdahl Volcano ( fig. 1 ), now filled with younger lavas. Two of the dated lavas that are truncated by the caldera rim constrain the calderaforming event(s) to post-81±5 and 121±8 k.y. No pyroclastic-flow deposit has been tied to a caldera-forming eruption at Westdahl Volcano, although several pyroclastic flows are exposed. One thick candidate pyroclastic-flow deposit at the coast near Scotch Cap overlies the 62±9-k.y. Scotch Cap basalt flow. The age of Pogromni Volcano may constrain the date of a caldera-forming eruption. If the Pogromni deposits drape the caldera rim, the 76±28-k.y.-old flow dated from deep in the edifice could provide a minimum date for caldera formation. The dacite dome northwest of Pogromni Volcano dated at 64±4 k.y. and the 62±9-k.y.-old Scotch Cap flow suggests that the Westdahl volcanic center may have been especially active during the period 80-60 ka.
Later Infilling of the Caldera
Many late Pleistocene and Holocene lava flows fill the caldera and drape older lavas. No samples that constrain the beginning of infilling were dated; however, many of the postcaldera lavas are significantly glaciated, suggesting emplacement before the latest glacial maximum (LGM).
Conclusions
Westdahl Volcano is built on the remnants of an eroded, early Pleistocene or older volcano. During the period ~130-80 ka, the volcano built a >25-km-diameter shield or stratovolcano, primarily basaltic to andesitic in composition. Sometime after 81 ka and before the LGM, a 9-km-diameter caldera formed at the summit; no deposits associated with this event have been identified. Late Pleistocene and Holocene lava flows have filled the caldera and flowed down adjacent valleys. Most of the summit caldera is ice covered, and historical basaltic eruptions continue to rebuild the edifice. Ar i ratio on isochron plot is outside ±2σ error of present-day atmosphere (295.5). For isochron ages beyond the 95-percent-confidence limits of Mahon (1996) (in italics), the error is multiplied by the square root of the mean square of weighted deviates (MSWD) (Ludwig, 1999) . Ages relative to the Taylor Creek Rhyolite sanidine (TCR-2) at 27.87 m.y. calibrated to SB-3 biotite (Lanphere and Dalrymple, 2000)] Step ( Step ( 
